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In dense astrophysical plasmas, neutron capture populates highly excited nuclear states close to the neutron
threshold. The impact of additional low-energy nuclear excitations via coupling to the atomic shell on the ability
of the so-formed compound nucleus to retain the captured neutron is investigated. We focus on the mechanism of
nuclear excitation by electron capture in plasmas characterized by electron fluxes typical for the slow neutron
capture process of stellar nucleosynthesis. The small effect of this further excitation on the neutron capture and
gamma decay sequence relevant for nucleosynthesis is quantified and compared to the corresponding effect of an
additional low-energy photoexcitation step.
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I. INTRODUCTION
At the interface between nuclear and atomic physics, a spe-
cial role is played by nuclear processes that directly involve
atomic electrons. For instance, it is well known that the pop-
ulation and lifetime of nuclear excited states can be affected
by the electronic shells in the processes of nuclear electron
capture (EC) and internal conversion (IC). Counterintuitive
examples where more electrons available for IC or EC do not
necessarily lead to a shorter nuclear excited state lifetime have
been experimentally observed, for instance in 5726Fe where de-
cay measurements of the 14.4 keV Mo¨ssbauer level in one-
and two-electron ions have shown that the nuclear lifetime is
about 20% shorter in H-like Fe25+ ions than in He-like Fe24+
ions or in the neutral atom [1]. Similarly, experimental results
have been obtained for EC rates in H-, He-like and neutral
140
59 Pr, where the nuclear lifetime of the one-electron Pr
58+
ion is shorter than the ones of the corresponding two- or many-
electron cases [2]. The inverse processes of IC and EC, namely,
nuclear excitation by electron capture (NEEC) and bound β
decay, respectively, require the presence of vacancies in the
atomic shell. NEEC in highly charged ions followed by x-ray
emission has been shown to prolong by two orders of mag-
nitude the lifetime of excited states in actinides [3]. More
spectacularly, the opening of the new bound β decay channel
in highly charged ions influences the half life of unstable levels
in nuclei [4, 5] and via this mechanism the ground state 18775 Re
lifetime decreases by more than nine orders of magnitude from
42 Gyr for the neutral atom to 32.9 yr for bare ions as a con-
sequence of new bound β decay branches to the ground and
excited states of the 18776 Os daughter [6, 7]. The case of
187
75 Re
is particularly interesting in astrophysical context, since it con-
cerns the accuracy of the 187Re −187 Os cosmochronometer
[7]. The behavior of nuclei in highly charged ions is thus of po-
tential interests in nuclear astrophysics and studies of nuclear
decay properties.
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So far, the role of NEEC was never a subject of sustained
investigation in nuclear astrophysics. In the resonant process
of NEEC, a free electron with matching kinetic energy re-
combines into a highly charged ion with the simultaneous
excitation of the nucleus, as it is schematically shown in Fig. 1.
As nuclear excitation mechanism, NEEC becomes increasingly
efficient with rising electron density and degree of ionization.
These conditions are predominant in dense astrophysical plas-
mas in the interior of stars and supernovae. In the context
of isomer depletion, NEEC and its sibling nuclear excitation
by electron transition (NEET) populating low-lying nuclear
excited states under dense plasma conditions have been inves-
tigated [8–12], predicting an enhancement of the isomer state
decay up to several orders of magnitude. As resonant electron
recombination channel, NEEC favors free electrons with low
kinetic energy. Fast electrons are less likely to recombine such
that the amount of energy that can be transferred to the nu-
cleus is limited; when starting from the ground state, typically
only nuclear excitation to low-lying excited states occurs. In
nucleosynthesis models, the sometimes significant excitation
of such levels due to the interaction with the hot thermal pho-
ton bath is accounted for by assuming thermally equilibrated
nuclei [13]. This procedure does not address explicitly the
particular transition mechanisms, and all the information on
the thermal population of low excited states is captured in the
stellar enhancement factor (SEF) [14, 15].
In this work we investigate a different scenario, in which
NEEC occurs not from the nuclear ground state or metastable
states in its vicinity, but instead from highly excited states close
to the neutron threshold. An intrinsic assumption of neutron
capture nucleosynthesis models is that the formed compound
nucleus decays practically instantaneously from an initial state
with E ' Sn + kT , where Sn denotes the neutron separation
energy, to a thermal distribution of low-lying nuclear levels
[13, 16]. Only recently it was argued in Refs. [17, 18] that
the neutron capture may be followed by the absorption of a
low-energy photon (less than 1 MeV) prior to statistical γ-ray
emission. This effect was found to be temperature depen-
dent and to dominate over the direct γ decay above a certain
temperature typical for rapid neutron capture nucleosynthesis
(r-process). Since the decay branching ratio of the compound
state is highly sensitive to its energy, even excitation by a small
energy amount would lead to an effective reduction of the
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FIG. 1: (color online). Schematic illustration of NEEC. If the atomic
and nuclear transition energies match, an electron can recombine into
an ion (depicted in the left panel by the bare K and L atomic shells)
with the simultaneous excitation of the nucleus (right panel) from the
ground state G to the excited state E.
neutron separation energy as a function of the environment
temperature and density and would eventually shift the nucle-
osynthesis path towards the valley of stability. The purpose of
the present work is to find out whether such an effect can also
be expected when considering NEEC as excitation mechanism
instead of photoabsorption. Resonant electron recombination
mechanisms like NEEC are believed to be the dominating form
of recombination in hot astrophysical plasmas [19], where high
degrees of ionization and high electron densities prevail. Addi-
tionally, theoretical values show that excitation of the nucleus
by coupling to the atomic shell can be more efficient than pho-
toabsorption for nuclear transitions of low energy [20, 21]. An
estimate of the possible impact of NEEC occurring on com-
pound nuclei formed by the capture of a slow neutron would be
a useful counterpart of the results on r-process in Refs. [17, 18].
We therefore investigate possible changes via the additional
nuclear excitation on the neutron capture and γ decay sequence
relevant for s-process nucleosynthesis.
The NEEC formalism developed in Ref. [22] for nuclear
transitions close to the ground state is adapted to describe exci-
tation starting from the compound state. For nuclear excitation
energies on the order of several MeV, nuclear states are rather
described by level densities than discrete spectra. The nuclear
matrix elements in the NEEC transition rates, for transitions
between discrete levels given by the reduced nuclear transi-
tion probabilities, are here estimated with the help of a nuclear
level density parametrization obtained from the photon strength
function of the giant dipole resonance [23]. Furthermore, we
extend the theoretical NEEC treatment to take into account
the relevant temperature domain of both neutron and electron
fluxes as well as the role of multiple neutron resonances of the
neutron capture spectrum. The impact of NEEC is quantified
by defining a stellar mitigation factor as the counterpart of SEF
taking into account the additional excitation of the compound
nucleus. Our results for the numerical examples 187Os and
193Ir show that for typical s-process nucleosynthesis condi-
tions, the effect of coupling highly excited nuclei to the atomic
shell is small, with SMF values on the order of 10−9 raising
to 10−4 only for a plasma temperature of T ' 1.2 · 109 K. A
comparison with the results in Ref. [17] shows that such higher
plasma temperatures as typical for r-process nucleosynthesis
equally not favor the coupling to the atomic shells, but rather
photoabsorption.
The paper is organized as follows. In Sec. II we present
the model used to include the additional excitation of the com-
pound nucleus in astrophysical scenarios. This is followed by
an outline of the NEEC rate calculations in dense plasmas con-
sidering multiple neutron resonances. Our numerical results
are presented in Sec. III. The paper concludes with a Summary
in Sec. IV.
II. THEORETICAL FRAMEWORK FOR NEEC AT THE
NEUTRON THRESHOLD
The slow neutron capture process (s-process) of nucleosyn-
thesis comprises a repeated sequence of neutron capture, γ
decay of the excited compound state and successive β-decay
events. The time scale of the s-process is dominated by the
(slow) neutron capture. It is therefore justified to restrict our
analysis of the impact of NEEC on s-process nucleosynthesis
to the excitation and decay steps prior to β decay. We address a
sequence of processes encompassing the initial neutron capture
event, NEEC and the γ-ray cascades and neutron re-emission.
The nuclei of interest are initially excited to a highly energetic
compound state by neutron capture. This state may decay
right away via γ decay or neutron re-emission. For the initial
capture of slow neutrons, γ decay is typically more probable
than neutron re-emission. However, the short finite lifetime of
the compound state may allow processes like NEEC or pho-
toabsorption to occur in the plasma electron- and photon-bath
prior to deexcitation. These processes further add energy to the
compound nucleus, and even few keV may change the decay
properties of the compound nucleus which then consequently
favors neutron re-emission over γ decay. The scenario we
consider to quantify the impact of NEEC on nucleosynthesis
has the following steps, schematically illustrated in Fig. 2:
• Formation of the compound nucleus by neutron capture
with the excitation rate λex.
• The possible direct decay by neutron and photon emis-
sion of the compound nucleus with the associated rates
λIγ and λ
I
n. At neutron resonance typically λ
I
γ/λ
I
n ∼ 10.
• Alternatively the consecutive excitation of the compound
nucleus by NEEC to a higher excited state with λNEEC.
• The final decay of the second excited state via neutron
emission λIIn or gamma decay λ
II
γ with λ
II
γ/λ
II
n ∼ 0.1.
At excitation energies close to the neutron threshold dis-
cussed in this scenario, the nuclear spectrum enters a contin-
uum regime described by level densities which increase with
excitation energy. The probability of a NEEC step built on
the nuclear compound state is therefore larger compared to
the corresponding IC decay mediated by the couping to the
atomic shell. Our approach is to consider the two-step pro-
cess of NEEC and the subsequent nuclear decay. The total
cross section for this two-step process can be derived in a
3FIG. 2: Standard neutron capture process (right) and sequence includ-
ing the additional NEEC excitation (left). Due to the higher excitation
energy after NEEC, the decay properties of state (2) may significantly
differ from the ones of state (1).
general manner. Cross sections and flux of continuum par-
ticles combine to a reaction rate of NEEC (induced by the
capture of electrons into the atomic shell) and subsequent de-
cay which can be compared to direct—and thus electron-flux
independent—decay rates.
We quantify the implications of additional NEEC or photoab-
sorption on the s-process nucleosynthesis scenario defining, in
analogy to the SEF, a stellar mitigation factor (SMF) as the
ratio of the effective cross sections for the scenarios taking into
account (II) and without accounting for (I) NEEC,
SMF =
〈σv〉II
〈σv〉I . (1)
In the equation above, the product of the cross section σ and the
velocity of the incoming neutrons v are averaged over to render
the reaction rate of the considered sequence of processes. As
a relevant quantity, we will investigate the SMF for the cross
section σ(n,γ) for neutron capture followed by γ decay. In the
following subsections we address and deduce step by step all
the quantities required for the SMF calculation.
A. Maxwellian-averaged cross sections
In order to derive the stellar reaction rate λ = 〈σv〉 from the
cross section one has to integrate over the velocity distribution
ϕ(v) of incoming particles to obtain
λ = 〈σv〉 =
∫
σvϕ(v) dv . (2)
Writing the above formula in terms of energy renders
λ =
∫
σ(E)v(E)ϕ(E) dE =
∫
σ(E)φ(E) dE , (3)
with φ(E)dE the relativistic differential flux. Impinging parti-
cles of interest in our model are neutrons and electrons, both
being fermions. The differential flux for one species of incom-
ing particles is hence given by
φ(E) dE = v(E)ϕ(E) dE
=
dE
pi2~3c2
(E2 + 2Emc2)
1 + exp[(E − µ)/kBT ] , (4)
with µ the chemical potential, c the speed of light, kB Boltz-
mann’s constant, m the particle (electron, neutron) mass and
T the plasma temperature, respectively. The chemical poten-
tial can be set by choosing as normalization of the energy-
distribution function ϕ(E) the number density n of the respec-
tive free particles in the plasma,
n =
N
V
=
∫ ∞
0
ϕ(E) dE . (5)
The numerical value of the number density n can be derived
from experimental data, and the equation above can then be
numerically solved for µ. In the following we address the
remaining term that determines the rate λ, namely the cross
section for the considered sequence of processes.
B. Cross section expressions
The general cross section for resonant excitation via capture
of continuum particles with energy E is given by
σex(E) =
pi~2
p2
ΓexΓtot
(E − Eres)2 + (Γtot/2)2 , (6)
where Γex is the width corresponding to the excitation rate
and Γtot the total width of the resonance. Furthermore, p
denotes the momentum of the incoming particle and Eres the
position of the resonance. Subsequent decay into a channel δ
is incorporated by a branching ratio
σ(ex,δ)(E) = σex(E)
Γδ
Γtot
, (7)
where σtot = σex =
∑
δ σ(ex, δ) [24].
The general expression in the equations above forms the
basis of many stellar reaction model calculations, for in-
stance of the Maxwellian-averaged capture cross sections (cf.
Refs. [15, 25]). In the following we proceed to formulate the
cross section expression for NEEC followed the nuclear decay
via the decay channel δ. We assume that the nucleus is initially
in the compound state with energy Eα to which it was excited
by neutron capture. The compound state energy is given by
the neutron separation energy Sn and the additional neutron
resonance energy Eresn corresponding to the kinetic energy of
the captured neutron,
Eα = Sn + E
res
n . (8)
The nuclear energy is further increased starting from Eα via
NEEC on the compound state causing changes of the nuclear
decay channels.
The energy transferred to the nucleus by NEEC is composed
of the kinetic energy of the continuum electron, henceforth
denoted by Ee, and the (negative) binding energy Eb of the
electron. The latter is given by the energy of the orbital into
which the electron recombines. The desired cross section for
one electron resonance thus reads
σ(NEEC,δ)(Ee) =
pi~2
p2e
ΓNEEC(Eα → Eα + Ee − Eb)
× σδ(Eα + Ee − Eb)
σtot(Eα + Ee − Eb)
Γtot
(Ee − Erese )2 + (Γtot/2)2
. (9)
4Here Erese is the continuum electron energy corresponding to
the resonant NEEC capture and Γtot the total width of the
resonant state, in our case the state (2) in Fig. 2. Further-
more, ΓNEEC(Eα → Eα +Ee −Eb) is the NEEC rate starting
from the compound nucleus state of energy Eα. The quasi
continuous nuclear level spectrum reached for the compound
nucleus causes the NEEC resonances to merge into a continu-
ous spectrum which is luckily exhausted by the broad energy
distribution of the continuum electrons in the plasma. The
continuum NEEC spectrum is taken into account by integrat-
ing the single resonance cross section (9) over all resonances
with the nuclear level density ρ as integration measure. As a
simplification, we consider a generic constant value for the
width Γtot of the excited state (2) of 100 eV, consistent with
the scenario discussed in Sec. III of NEEC into higher free
electronic shells and a single 1s electron in the K shell. In this
case, the total width of state (2) is determined by the width
of the electronic capture shell. The cross section for NEEC
followed by decay in channel δ then reads
σ(NEEC,δ)(Ee) =
∫
dE rese
2pi2~2
p2e
Γtot ρ(Eα + E
res
e − Eb)
× σδ(Eα + Ee − Eb)
σtot(Eα + Ee − Eb)
ΓNEEC(Eα → Eα + Ee − Eb)
(Ee − Erese )2 + (Γtot/2)2
.(10)
The decay mode δ here can be either γ or neutron emission.
The corresponding nuclear cross section values can be taken
from experimental data compilations. Our simulations show
that there is little change in the values of σ(NEEC,δ) as a function
of the total width Γtot. For instance, the results considering a
Lorentzian resonance with 100 eV width or a delta function-
like resonance differ only by a relative factor 10−2.
The NEEC width ΓNEEC can be calculated according to
the formalism presented in Ref. [22], which separates the
electronic and nuclear degrees of freedom in the total matrix
element. The nuclear part, for the case of low-lying transitions
specified by the experimental reduced transition probability B,
needs in the present case to be approximated theoretically. An
approximation for the strength of the nuclear transition as well
as expressions for the nuclear level densities are introduced in
the next subsection.
C. Reduced transition probabilities and level densities for
highly excited nuclear states
For nuclei, the predominant mode of photon absorption
at most energies is the Giant Dipole Resonance (GDR) [23]
typically with a Lorentzian energy dependence centered at the
energy E = 80A−1/3 MeV. For axially symmetric deformed
nuclei, the GDR photon strength function can be often well
fitted by a double-Lorentzian shape [26, 27],
SE1(Eγ) =
1
3pi2(~c)2
2∑
i=1
σiEγΓGi
2(
Eγ
2 − EGi2
)2
+ Eγ
2EGi
2
,
(11)
where EGi is the central energy of the axial branch i of the
GDR and ΓGi its damping width [26, 28]. The transition en-
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FIG. 3: (a) Photon strength function parametrization and (b) back-
shifted Fermi gas approximation of the nuclear level density for
187Os.
ergy is here denoted byEγ . Parameterizations from experimen-
tal data are typically available, see Ref. [29]. An illustration of
the parametrization for the photon strength function for 187Os
is presented in Fig. 3(a). Here, the two Lorentzian peaks are
close together and very narrow.
In 1955 Brink made the hypothesis that a GDR can be built
on every excited nuclear state, not just the ground state, retain-
ing its shape [30]. For our purpose of describing a low-energy
excitation of a highly excited compound state, this implies an
extrapolation of the GDR parametrization down to energies
on the order of 100 keV. This assumption has been also used
for calculating the impact of photoabsorption on highly ex-
cited states in r-process nucleosynthesis [17, 18], using the
parametrization for low energies (E < 5 MeV) introduced
by Kadmenskij, Markushev and Furman [31]. Independent of
the chosen parametrization, we would like to stress that using
GDR strength functions for low-energy excitations is expected
to be a very rough estimate, which can be off by as much as
an order of magnitude. A discussion of this high degree of
uncertainty is presented in Sec. III.
According to Brink’s hypothesis, the photon strength func-
tion S of the electric giant dipole resonance relates to the
expectation value of the γ-decay transition rate as
Γ(Ex + Eγ → Ex) = Eγ
3S(Eγ)
ρ(Ex + Eγ)~
. (12)
Here, the energy of the lower involved level is represented by
Ex and the one of the upper level as (Ex +Eγ). Furthermore
ρ(Ex) is the nuclear level density associated to some small
energy range (Ex, Ex + ∆E). The strength function is inde-
5pendent of the levels between which the transition occurs as
a consequence of Brink’s hypothesis. Applying the principle
of detailed balance one can derive the appropriate relationship
for the inverse, upwards transition,
Γ(Ex → Ex + Eγ)
ρ(Ex + Eγ) ∆E
=
Γ(Ex + Eγ → Ex)
ρ(Ex) ∆E
⇒ Γ(Ex → Ex + Eγ) = Eγ
3S(Eγ)
ρ(Ex)~
. (13)
A general expression for the nuclear level densities as a
function of energy E, angular momentum J and parity is given
by [32, 33]
ρ(E, J, pi) =
1
2
ρ(E)
2J + 1
2
√
2pi χ3
exp
[
− [J + (1/2)]
2
2χ2
]
.
(14)
Here, the first factor 1/2 is the parity ratio and indicates equal
densities for states of either parity. The last two terms of
the product give the spin dependence, with χ the spin–cutoff
factor. With spin and parity being accounted for, ρ(E) as
parameterized above is defined as the level density of spinless
non–interacting Fermions that carry no angular momentum.
From the variety of models and parametrizations describing
the density of states ρ(E) we employed the back-shifted Fermi
gas model in the spin-independent form taken from [34]
ρ(Ex) =
exp[2
√
a(Ex −∆)]
12
√
2χa1/4(Ex −∆)5/4
, (15)
with a being the single-particle density parameter, ∆ the back-
shift, t the thermodynamic temperature determined from the
equation Ex −∆ = at2 − t and χ the spin-cutoff factor, given
by
χ2 = 0.0146A5/3
1 +
√
1 + ta(Ex −∆)
2a
. (16)
The associated fitted parameters for a great number of isotopes
can be found in Ref. [34]. For 187Os the curve of ρ(E) is
depicted in Fig. 3(b), underlining that above neutron separation
energy Sn [e.g. Sn(187Os) = 6.3 MeV] indeed a level density
approximation is appropriate.
In Ref. [34], parity asymmetry effects are explicitly dis-
regarded, although some parity dependence of ρ is known
to exist especially for low-excitation energies [35]. How
justified is such a neglect for the case under consideration
here? A parametrization for the parity ratio for lower masses
20 ≤ A ≤ 110 is provided in Ref. [35]. An inspection of the
parity ratio dependence on energy and mass number A shows
that at 7 MeV, the typical nucleon binding energy near the
stability line, the parity ratio is close to asymptotic (i.e., 1/2)
for A > 50. For lower binding energies, for instance 4 MeV,
the parity ratio is not asymptotic until A exceeds 75. However,
regardless of the mass number A and of the corresponding
neutron separation energy, the NEEC cross section is propor-
tional to the ratio ρ(Eα+Ee−Eb)/ρ(Eα). Since for all cases
Eα  (Ee − Eb), the parity asymmetry is for all practical
purposes constant on the interval (Eα, Eα +Ee −Eb). Thus,
the level density contribution for σNEEC is given solely by the
energy dependence of ρ and the neglect of parity asymmetry
effects is justified.
The rate defined by Eq. (13) is the average photon deexcita-
tion rate in the considered energy regime. This can be set equal
to the γ decay rate expression used for nuclear transitions [36]
Ad→f (ζ, L) =
8pi(L+ 1)
~L((2L+ 1)!!)2
(
Eγ
c~
)2L+1
Bd→f (ζ, L)
4piε0
,
(17)
where ε0 is the vacuum permittivity, ζ the transition type [elec-
tric (el) or magnetic (magn)] and L its multipolarity, respec-
tively. We consider here electric dipole transitions such that
L = 1. The nuclear transition rate Ad→fr (el, 1) is equated
to (13) to yield the desired nuclear transition probability. In
our context Ex = Eα and Eγ = Ee −Eb. Hence our estimate
for the nuclear transition probability reads
B(Eα → Eα + Ee − Eb) = 9c
3~3ε0
4
S(Ee − Eb)
ρ(Eα)
. (18)
Using this expression for the adapted reduced nuclear transition
probability, the remaining electronic matrix element and finally
the NEEC rate can be calculated following the formalism of
Ref. [22]. We quote here only the final result of the NEEC rate
expression for electric dipole transitions from an initial state
with angular momentum Ii to the final state characterized by
Id,
Yn =
4pi2ρ2i
9
B(E1, Ii → Id)(2jd + 1)
×
∑
κ
∣∣∣R(E)1,κd,κ∣∣∣2 C (jd 1 j; 12 0 12
)
. (19)
Here, ρi is the density of initial continuum electronic states,
j and jd the total angular momentum of the electronic
capture state and the continuum electron, respectively, and
C(jd 1 j; 1/2 0 1/2) the Clebsch-Gordan coefficients as de-
fined in Ref. [37]. The electric radial integral is given by
R
(E)
1,κd,κ
=
∫ ∞
0
dre [fndκd(re)fεκ(re) + gndκd(re)gεκ(re)] ,
(20)
with fεκ(re) and gεκ(re) the continuum electron wave func-
tion components; ε is the continuum electron energy measured
from ionization threshold, defined by ε =
√
p2c2 + c4 − c2.
Furthermore, fndκd(re) and gndκd(re) are the respective com-
ponents of the bound electron’s wave function. As a further
notation, n and κ are the principal angular momentum and the
Dirac angular momentum quantum numbers, respectively, of
the now bound electron (indexed d) and the free electron (no
index), respectively.
D. SMF
The measure for the impact of NEEC on highly excited states
for s-process nucleosynthesis is the SMF defined in Eq. (1).
6We are interested in this ratio for the cross section σ(n,γ) for
neutron capture followed by γ decay, since it directly informs
about the rate at which neutrons are permanently captured into
the mother nucleus. Using the expressions for the relevant flux
and cross sections, we obtain for case I which does not take
into account the possible effect of NEEC due to the electrons
in the astrophysical plasma
〈σv〉I =
∫
dEnφ(En)
pi~2
p2n
ΓexΓ
I
1
(En − Eresn )2 + (ΓI1/2)2
ΓIγ1
ΓI1
,
(21)
where ΓI1 is the total width of state (1) and Γ
I
γ1 the γ decay
width corresponding to the decay rate λIγ . The equivalent
quantity for scenario II consists of two terms. A first term
describes the process of neutron capture followed by γ decay
via state (1), while the second term stands for neutron capture,
NEEC and γ decay of state (2). Accordingly, we can write the
rate 〈σv〉II as
〈σv〉II =
∫
dEnφ(En)
pi~2
p2n
ΓexΓ
II
1
(En − Eresn )2 + (ΓII1/2)2
[
ΓIIγ1
ΓII1
+
~ΓIIγ2
ΓII1Γ
II
2
∫
dEedE
res
e ρ(Eα + E
res
e − Eb)φ(Ee)
pi~2
p2e
ΓNEECΓ
II
2
(Ee − Erese )2 + (ΓII2/2)2
]
. (22)
Here, ΓIIγ2 and Γ
II
2 are the partial γ and total widths of state (2),
respectively. Furthermore, ΓII1 is the total width of state (1) in
scenario II which due to the (small) NEEC contribution will
be slightly larger than ΓI1. As a consequence, the first (and
leading) term in the equation above will be smaller than the
expression in Eq. (21). Due to the different Γγ/Γ branching
ratios, this difference cannot be compensated by the second
term and the overall SMF values should be smaller than one.
For NEEC occurring into excited electronic states, an addi-
tional branching ratio accounting for the decay of the captured
electron to the atomic ground state should be taken into ac-
count. For practical cases however this factor will be one with
a five-digit accuracy.
Both neutron and electron fluxes are taken into account by
simultaneously integrating over En and Ee. The integration
over continuum neutron energies En can be performed step-
wise for each neutron resonance individually, since the neutron
resonances themselves are only several tens of meV wide and
ΓNEEC varies only insignificantly over the range of a single
neutron resonance. In addition, the continuum nuclear level
spectrum introduces an integration over the NEEC resonance
energy Erese , see Eqs. (9)-(10).
III. RESULTS
In this section we present our numerical results for NEEC
and photoabsorption rates in the stellar environment and for
the SMF. The choice of studied isotopes relies on a scan of the
nuclear chart for species for which the processes of interest
have the most relevant contribution. The considered plasma
conditions are typical for s-process nucleosynthesis sites. A
calculation based on the Saha equation renders the probabilities
for various charged states and ionization stages of the isotopes
of interest, providing the input data for the NEEC atomic
shell calculations. In the following subsections we detail these
aspects and discuss our results.
A. Test isotopes
As test cases for our analysis we chose 187Os and 193Ir. The
187Os isotope is particularly relevant for astrophysics since it
constitutes an important part of the Re/Os-clock. This “clock”
is formed by a sequence of isotopes around the valley of sta-
bility whose singular decay properties allow the estimation of
the galactic age. A further justification of our choice is related
to our desire to investigate the isotopes for which a further
excitation step of the compound nucleus is most probable and
therefore of maximal relevance.
Our model critically depends on nuclear level density and
photon strength function parameters. Within the reduced tran-
sition probability estimation from the photon strength function,
the final (NEEC, δ) cross section depends on ρ and S as:
σ(NEEC,δ)(Ee) ∝ ρ(Eα + Ee − Eb)B(Eα → Eα + Ee − Eb)
∝ ρ(Eα + Ee − Eb)S(Ee − Eb)
ρ(Eα)
. (23)
As ρ(Eα + Ee − Eb) ' ρ(Eα) for relevant continuum and
binding electron energies (∼ 10 − 100 keV), cf. Fig. 3(b) ,
we find that the critical parameters are those determining the
strength function. With this in mind we conducted a scan of
the strength functions of all relevant s-process isotopes. As
already noted at the end of Sec. II C, our estimate of the re-
duced transition probability heavily relies on the low energy
tail of the photon strength function up to about 1 MeV (see
also Fig. 3). We have therefore compared the values for the
integrated photon strength for energies up to 1 MeV for dif-
ferent isotopes. Choosing a fixed benchmark for the energy,
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FIG. 4: Integrated photon strength function up to 1 MeV for our
isotope scan (based on the data tabulated in Ref. [29]). On the abscissa
we use the cardinal number of the parameter tables [29]. Isotopes
there are listed according to their mass number A including also
species which are not produced in the s-process.
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FIG. 5: (color online). Comparison of the dependence of the σ(NEEC,δ)
cross section, i.e., the product between photon strength and nuclear
level density as shown in Eq. (23), on the continuum electron energy
for 187Os (solid green line) and 193Ir (dashed orange line).
e.g. comparing the values of S for Ee − Eb = 0.1 MeV for
different isotopes, gives equivalent results.
Results for our scan based on parameters given in Ref. [29]
are presented in Fig. 4. The photon strength function was found
to raise approximately linearly with cardinal number for iso-
topes belonging to the s-process chain. As a second candidate
we chose 193Ir to be investigated as one of the isotopes with
highest photon strength functions, about two times larger com-
pared to the one of 187Os. Fig. 5 presents a comparison of the
dependence of σ(NEEC,δ) (i.e., the product of photon strength
and nuclear level density) on the continuum electron energy as
given in Eq. (23) for both isotopes. The difference between the
two isotopes turns out to be only marginal. In the following we
will therefore focus solely on 187Os and only quote numerical
results for 193Ir towards the end of the section.
B. Plasma conditions
The formation of 187Os (and 193Ir) is at present ascribed to
the strong main component of the s-process assumed to take
place in low-mass thermally pulsing asymptotic giant branch
(TP-AGB) stars [38]. Based on this scenario, the physical
conditions that we adopt for our calculations refer to the 13C
pocket site [39] in a low-mass TP-AGB star. Such carbon
pockets consist mainly of helium and carbon, and to a minor
extend also of oxygen. The few protons and the heavier ele-
ments mixed down from the convective envelope of the star
in the third dredge-up [40] as well as the s-process products
already formed are neglected since their abundance is barely
noticeable compared to the major components. The s-process
starts at temperatures T ∼ 0.9 · 108 K, at which the lighter
plasma constituents are already fully ionized. Assuming a 75%
He and 25% C plasma composition, the number density of
electrons in the plasma can be approximated as
ne = 3
ρ
3mHe/4 +mC/4
, (24)
with ρ being the plasma density. We have disregarded here
pair production, which is negligible at the temperature at-
tained in the stellar interior—the rest mass of an electron
is mec2 = 510.9 keV, thus the photon energy threshold for
pair production is reached only at approx. 1 MeV, while only
temperatures of the order of 10–100 keV are of interest here.
The calculation of the electron flux requires knowledge of the
chemical potential. For both electrons and neutrons, we obtain
the chemical potentials using the normalization condition (5),
which requires assumptions for the particle densities. For the
electrons, a reasonable choice for the plasma density at the
temperatures of interest is [4]
ρ ≈ 103 g cm−3 . (25)
Although this value was estimated in Ref. [4] for a pure He
plasma, we find that the corresponding change in electron
density for our composition of interest is not substantial. Based
on these values, the electronic chemical potential is found to
be ≈ −5kBT .
For the case of neutrons, we can use directly measured data
for the neutron particle density [41],
nn = 10
8 g cm−3 . (26)
The neutron chemical potential is then ≈ −55kBT , with
µn/(kBT )  1. In this case, quantum effects become neg-
ligible and a description for neutrons using the Maxwell-
Boltzmann distribution is appropriate. This is also the standard
procedure with Maxwellian-averaged cross sections used in
stellar neutron capture nucleosynthesis calculations [42].
We proceed to investigate the differential energy flux (4).
The numerical integrations required for our calculations should
be performed over a meaningfully chosen integration domain.
The differential flux of continuum electrons depicted in Fig. 6
reveals that even for highest temperatures under consideration
any significant contribution to the rates will be suppressed by
the decreasing flux above E ∼ 2000 keV. Furthermore, for
both electrons and neutrons, the 1/p2 dependence of the cross
sections of interest also favors capture of low-energy particles.
The differential neutron flux is in addition heavily suppressed
by the smaller chemical potential. Hence we have chosen the
integration bounds to coincide with the upper limit of available
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FIG. 6: (color online). Differential electron flux for temperatures
ranging from 10 to 100 keV. The lowest temperature (dark blue,
most left) shows the steepest curve, with steepness decreasing with
temperature for the other curves (increasingly warmer hue, from left
to right).
measured cross section data for the neutron reactions which are
required for the calculation, i.e., few keV. For the numerical
results the required nuclear cross section data was taken from
Ref. [43] and decay rates from Ref. [25, 44].
C. Atomic charge states in the plasma
NEEC requires as prerequisite the existence of vacancies in
the atomic shells. The charge state distribution in the plasma
can be calculated with the help of the Saha equation [45]
assuming the ions in thermodynamical equilibrium. Starting
from thermodynamical considerations, the Saha equation gives
the ratio of two neighboring ionization stages for a certain
atom. Since both the electronic chemical potential and the
electron density are unknown, the Saha equation needs to be
solved self-consistently [4].
An important ingredient influencing the quantities in the
Saha equation is the continuum depression in the plasma [46].
In order to estimate it we have followed the finite-temperature
Thomas-Fermi model extended by Steward and Pyatt to include
neighboring ions, valid for non-degenerate and non-relativistic
electrons [47]. This model was then extended to account for
relativistic electrons and the quantum mechanical behavior of
the bound electrons.
Plasma composition 0.9 · 108 K 3.5 · 108 K
78% He, 20% C, 2% O 70.29 75.20
73% He, 25% C, 2% O 70.29 75.20
75% H, 25% He 69.31 74.90
100% He 70.31 75.16
TABLE I: Average ionization state for the Os ion for two different
plasma temperatures and four plasma compositions.
We have performed calculations for four different plasma
configurations and temperatures ranging from 0.9·108 K to
3.48·108 K. The resulting relative osmium ion number densi-
ties for T=0.9·108 K are distributed between charge states 66+
and 74+, whereas for T=3.48·108 K they range from Os71+ to
Os76+. Our method was double-checked by comparing the cal-
culated relative abundance of the different ionic charge states
with results from Ref. [4] for the case of a pure He plasma. We
find very good agreement between our values and the ones in
[4], with deviations of less than 1%.
The average osmium charge states in the plasma are given in
Table I. We see that the differences between a pure He plasma
composition and the He–C–O mixed composition character-
istic of the C pocket nucleosynthesis site are very small. An
illustration of the relative ionic abundances as a function of
the number of bound electrons left is presented in Fig. 7. We
conclude that in the stellar plasma, most osmium atomic shells
are free. In particular, we are interested in NEEC into the L
shell, for which the cross sections are largest. Our results show
that this atomic shell is most likely vacant and can serve as
capture state for NEEC. The (on average) single bound electron
is assumed to reside in the 1s orbital.
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FIG. 7: Ionization degree of 187Os at T ≈ 3 · 108 K (corresponding
to kBT=30 keV) and ρ ≈ 103 g cm−3. The considered plasma
composition is 78% He, 20% C, 2% O.
D. Nuclear excitation rates and SMF
Following neutron capture, the formed compound nucleus
can undergo further (low-energy) excitations via electrons or
photons in the plasma. Excitation via NEEC can occur when
free electrons in the plasma recombine into the highly charged
Os ions. We consider here that the existing bound electron or
electrons occupy the K shell. Capture can then occur in all
upper electronic shells, with probabilities for deeper bound
levels being largest due to the 1/p2 dependence of the NEEC
cross sections. We will therefore consider as standard the
capture into the 2p orbitals, for which the NEEC rate is largest.
A compilation of results for electron capture into all orbitals
up to the M -shell with one initial 1s1/2 bound electron at a
stellar temperature of T = 30 keV are presented in Table II.
Irrespective of the shell, capture into a p-orbital is much more
likely than into a s or d-state since the transition rates are
highly parity dependent.
The electronic part of the NEEC rates requires knowledge
of both continuum and bound relativistic electronic wave func-
tions. The continuum electron is assumed to be insensitive to
9the internal structure of the nucleus; relativistic Coulomb-Dirac
wave functions are used [48], taking the further approximation
of a point-like nucleus. The final, captured bound electron
wave functions are calculated for each case using the mul-
ticonfigurational Dirac-Fock GRASP92 package [49]. The
plasma-induced shift for the bound electron energies has only
a small impact for the considered NEEC rates.
The nuclear coupling to the atomic shell via NEEC is com-
pared with the effect of photoabsorption (PA), which can also
have important contributions for nuclear excited level pop-
ulations [8, 9]. For PA on compound nuclei we follow the
calculations outlined in Ref. [17]. The cross section σPA for
photoabsorption reads
σPA(Eγ) = 3(pi~c)2EγS(Eγ) , (27)
where Eγ denotes the energy of impinging photons. Both
estimates for σNEEC and σPA rely on the same measured quan-
tities (the photon strength function) and are therefore directly
comparable.
We proceed to investigate the stellar rates for the excitation
step built on the compound nucleus (NEEC or PA) followed
by nuclear decay via neutron or γ emission for the case of
the energetically lowest neutron resonance. Fig. 8 shows the
calculated rates for NEEC or PA, respectively, followed by
either neutron re-emission or γ-decay. To further illustrate and
exemplify this comparison we also present the respective PA
rates in Table II for a stellar temperature of T = 30 keV. While
the λ(NEEC,δ) rates vary only slowly with temperature, λ(PA,δ)
increases by several orders of magnitude within 10 to 100 keV
temperature. However, both additional processes induced by
NEEC and PA are less efficient by several orders of magnitude
compared to direct decay which is depicted by the horizontal
long-dashed lines in Figs. 8(a,b).
It is notable that the excitation rates for PA are well above the
corresponding NEEC rates for all temperatures. This may seem
in contradiction with previous results investigating the cross
sections of the two processes [20, 21] and their corresponding
plasma rates [8, 9, 12]. This behavior can be fathomed by
investigating the flux and the cross section which are presented
in Fig. 9. Fig. 9(b) shows that the photon flux is over almost
the entire depicted energy range about one order of magnitude
larger compared to the electron flux. This is due to the photons
having zero chemical potential compared to the finite, nega-
tive one for electrons. In contrast, the situation for the cross
sections is indeed according to the expected relation between
the coupling to the atomic shell vs. coupling to the radiation
field [20, 21]. At low energies, the NEEC cross section is
dominating and even diverging at E = 0 due to the 1/p2(E)
dependence in Eq. (7). For higher energies however this sup-
presses the NEEC cross section compared to PA, which is then
substantially higher. The fluxes illustrated in Fig. 9(b) indicate
that relevant electron energies in the plasma far exceed the
region where the NEEC cross section dominates over PA in
the discussed scenario. As it was found in Ref. [12], lower
temperatures on the order of hundreds of eV (in cold plasmas
created by the impact of a x-ray free electron laser on met-
alic solid-state targets) indeed sufficiently reduce the relevant
electron energy domain such that NEEC is rendered dominant.
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FIG. 8: (color online). Reaction rates of NEEC into the 2p3/2 orbital
(solid blue lines) and PA (dashed red lines) followed by (a) γ decay
or (b) neutron emission. A one order of magnitude error spread due to
the uncertainties in the extrapolation of the photon strength function
at low energies was included by the shaded region for each estimate.
The horizontal long-dashed lines represent the rates of the respective
direct processes without including an additional NEEC or PA step.
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FIG. 9: (color online) Comparison of cross sections (a) and fluxes (b)
contributing in the NEEC (solid blue line) and PA (dashed red line)
excitation rates as a function of excitation energy at kBT = 30 keV.
10
187Os 193Ir
λX+γ λX+n λX+γ λX+n
X = NEEC
1s1/2 1.69× 103 4.35× 104 3.81× 103 7.84× 104
2s1/2 1.13× 103 2.29× 104 2.29× 103 4.09× 104
2p1/2 1.16× 104 2.14× 105 2.33× 104 3.83× 105
2p3/2 2.28× 104 4.17× 105 4.57× 104 7.44× 105
3s1/2 9.92× 102 1.94× 104 2.01× 103 3.44× 104
3p1/2 9.72× 103 1.72× 105 1.97× 104 3.05× 105
3p3/2 1.93× 104 3.41× 105 3.91× 104 6.05× 105
3d3/2 5.12× 102 9.93× 103 1.03× 103 1.76× 104
3d5/2 1.49× 103 2.93× 104 2.67× 103 5.24× 104
X = PA 1.99× 106 4.63× 107 4.20× 106 8.11× 107
TABLE II: Reaction rates for excitation of the compound nucleus
via NEEC or PA and subsequent decay at a stellar temperature of
kBT = 30 keV. All rates are given in dimensions of [1/s]. The
electron capturing orbital is given in the first row where appropriate.
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FIG. 10: (color online). SMF as a function of the plasma temperature
for the case of NEEC into the 2p3/2 orbital (dashed red line). The
solid blue line illustrates SMF equal to unity.
The results presented thus far suggest that both NEEC and
PA of compound nuclei give only a small perturbation to the
compound state’s decay properties. The compilation of SMF
values for kBT = 30 keV presented in Table III further sup-
ports this assertion. For the considered temperature, the SMF
differs from one by a very small amount of around 10−9 due
to NEEC and 10−7 due to PA. The SMF behavior with rising
temperatures considering the additional NEEC step is pre-
sented in Fig. 10. We see here that the SMF deviance from
unity is growing with rising temperature, reaching values of
10−4 − 10−5 for kBT ' 100 keV. In comparison, an equiva-
lent PA-defined SMF is significantly decreasing with higher
temperatures, reaching relevant values of ' 0.1 at the same
temperature. The behavior of the NEEC and PA cross sections
in Fig. 9 justifies this feature for PA. As the photon energies
shift towards higher values, greater energy transfer to the nu-
cleus is rendered possible. Our results support therefore the
conclusions of Ref. [17] for the r-process nucleosynthesis sce-
nario which typically takes place at higher temperatures than
the ones considered here.
187Os 193Ir
NEEC
1s1/2 3× 10−10 5× 10−10
2s1/2 2× 10−10 2× 10−10
2p1/2 1× 10−9 2× 10−9
2p3/2 3× 10−9 4× 10−9
3s1/2 1× 10−10 2× 10−10
3p1/2 1× 10−9 2× 10−9
3p3/2 2× 10−9 4× 10−9
3d3/2 7× 10−11 1× 10−10
3d5/2 2× 10−10 3× 10−10
PA 3× 10−7 5× 10−7
TABLE III: Values of the variation of SMF from unity (1-SMF) at
kBT = 30 keV for different NEEC capture atomic orbitals and for
PA.
IV. CONCLUSIONS
We have investigated the impact of a further low-energy
excitation step via NEEC or PA on the decay channels of a
compound nucleus formed by neutron capture in astrophysical
s-process sites. To this end we have introduced and calculated
the SMF as a highly excited nucleus-counterpart of the well-
known SEF. Our results show that from the two considered
processes, only PA can potentially switch the role of γ-decay
and neutron reemission decay channels for the compound nu-
cleus, provided that high plasma temperatures on the order of
kBT = 100 keV are available. This is rather the parameter
regime of the r-process nucleosynthesis. Due to its decreasing
cross sections for high-energy electrons, NEEC starting from
the compound nucleus is not competitive with the main decay
channels γ decay and neutron reemission and does not have
a significant effect on the decay branching ratio relevant for
nucleosynthesis. This holds true both at the lower temperatures
dominating the s-process sites as well as the higher tempera-
tures typical for the r-process. We conclude that the role of the
coupling of the nucleus to the atomic shells in dense astrophys-
ical plasmas is restricted to low-lying levels in the vicinity of
the ground state or of specific isomeric states.
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